Abstract: This paper describes the structural performance and analytical methodology for large-scale column specimens with a lap splice and concentric axial loading affected by varying levels of alkali-silica reaction (ASR) under displacement-controlled monotonic loading. The lapsplice length in the specimens is typical of the Texas DOT practice for the bar size used and is conservative by code standards. The specimens with varying degrees of ASR showed no evidence of bond deterioration within the splice; had similar initial stiffness and behavior up to the first cracking; had a 25-35% increase in postcracking stiffness up to yielding; had a 5-15% increase in yield strength; and showed no overall detrimental effects on the structural response when compared with control specimens without ASR deterioration. This improved behavior can be explained by the resulting volumetric expansion of the concrete because of the ASR that engaged the longitudinal and transverse reinforcement -this is believed to have resulted in increased axial loading and better confinement of the core concrete. Analytically, a proposed step-by-step postcracking stiffness model for axially loaded members provided the best fit with the force-displacement experimental data. In addition, for specimens exhibiting ASR, increasing the axial load on the column provided a better match with the measured experimental response.
Introduction
In Texas, a number of RC bridges have developed early cracking. Most of this deterioration has been identified or suspected to be from alkali-silica reaction (ASR), and in some cases from delayed ettringite formation (DEF). An area of concern for the Texas DOT (TXDOT) is the performance of columns-and specifically their lap-splice regions-that have varying levels of cracking from ASR and/or DEF. Therefore, a research program was carried out (1) to evaluate the experimental behavior of a typical column using large-scale specimens under varying levels of premature concrete deterioration and (2) to develop an analytical model that can evaluate the behavior of the column based on calibration with the experimental behavior. The large-scale column (LSC) specimens were used to evaluate the flexural capacity of the splice region, or more significantly, the tensile capacity of the spliced longitudinal reinforcement.
A companion paper (Eck Olave et al. 2014 ) presents an overview of ASR and DEF and their influence on structural performance; documents the design, materials of construction, construction process, curing, and instrumentation of 16 large-scale RC bridge column lap-splice specimens with concentric axial loading; and presents the findings on the specimen dimensional changes and cracking that occurred during the exposure phase for the specimens. Fourteen specimens were exposed to outdoor weather conditions and supplemental water exposure four times a day for 15 min and two control specimens were stored indoor without additional water and moisture. Using measured internal and external concrete expansion data, measured crack widths, and results from petrography analyses of concrete cores taken from the specimens after they were structurally tested, the four specimen groups tested were categorized as having varying levels of ASR deterioration. The levels ranged from none (no ASR) to late stages of ASR and none (no DEF) to minimal levels of DEF in terms of the presence and degree of expansion. This paper describes the experimental performance of these specimens under displacement-controlled monotonic loading and presents an analytical methodology for assessing the performance.
Research Significance
Some RC bridge structures in Texas have developed early cracking as a result of ASR and/or DEF, which are forms of premature concrete deterioration. The structural performance of columns, especially the lap-splice regions, affected by such cracking is an area of concern for the TXDOT. This paper describes the experimental performance and analytical methodology for columns affected by varying levels of ASR deterioration under displacement-controlled monotonic loading. The lap-splice length in the specimens is typical of the TXDOT practice for the bar size being used and is conservative (as designed) by code standards. 
Experimental Test Setup
The typical construction practice for bridge columns in nonseismic regions is to splice the longitudinal reinforcement directly above the supporting foundation. When such columns are subjected to lateral loading, overturning moments develop with peak demands at the column-foundation interface where the splice exists. To simulate this lateral loading, experimental testing of the LSC specimens was carried out using four-and three-point flexural testing configurations under displacement-controlled monotonic loading. The four-point structural load tests were conducted to find the strength capacity of the splice region and were not tested to complete failure. Because of this, the LSC specimens were able to be further tested in the threepoint test setup. Fig. 1 shows the actuator loading (F act ) and supports for the four-and three-point test setups. Fig. 1 also shows the resulting shear and bending moment diagrams. In the four-point test setup when the actuators are placed at the ends of the splice region, a constant moment develops across the splice length. The three-point test was used to create an unrealistic high-shear demand on the splice region by reducing the span-to-depth ratio in order to intentionally try to promote bond failure under the influence of high-shear stresses and bending. Experimentally, the three-point test was executed after the four-point test by placing the actuators 4.6 m (15 ft) (L act ) apart. The specimens were also rotated 180°about their longitudinal axis after the four-point test such that Large Face 1 (LF1) would be the tension face for both test setups. Fig. 2 shows the reinforcing details of the specimens in the splice region and the two end regions, which were intentionally overdesigned for flexure and shear to ensure that critical sections developed in the lap-splice region (Eck Olave et al. 2014) .
Analytical Methodology
The objectives of the analytical program were (1) to develop an analytical model to estimate the overall force-deformation characteristics of the column specimens and lap-splice region, with and without bond deterioration, during structural testing under displacementcontrolled monotonic loading; and (2) to calibrate the analytical model with results from the experimental tests of two unexposed control specimens and six exposed specimens with varying levels of ASR. This model may then be used to predict the response/behavior of similar bridge columns that are prone to ASR expansion.
Modeling Assumptions
Individual bridge columns in Texas generally have large span-todepth ratios. Therefore, the analytical model developed in this work is based on flexure theory for RC sections. In addition, the effective steel area at each section where bars are spliced is calculated assuming that the bars develop strength linearly proportional to their codespecified development lengths. If the experimental results showed evidence of bond deterioration in the splice region, then the effective steel area could be determined by multiplying the code-specified development length by a properly calibrated deterioration factor. However, as will be presented subsequently, no bond deterioration of the splice region occurred in any of the specimens tested, which were described as having middle-to-late stages of ASR as determined by personnel in the Materials Research Division of the TXDOT. Fig. 3 shows the strains, stresses, and resultant forces for three defined limit states: (1) first cracking of the concrete in tension; (2) first yielding of the tensile reinforcing steel; and (3) ultimate limit when governed by crushing of the concrete in compression. Concentric posttensioning strands were used in the specimens to simulate inservice gravity loading, and this axial loading was accounted for in the flexural capacity through equilibrium. Up to first cracking of the concrete, the entire section contributes to resisting flexural demands. The limiting tensile stress for the concrete is 7:5 ffiffiffiffi f c 9 p ( f r in pounds per square inch) and for the modulus of elasticity is 57,000 ffiffiffiffi f c 9 p (E c in pounds per square inch) according to ACI 318 [American Concrete Institute (ACI) 2008] and AASHTO (2007) , where f c 9 (in pounds per square inch) is the specified concrete compressive strength (1 psi 5 6:9 kPa).
Sectional Behavior
Given the limiting concrete tensile stress and the modulus of elasticity, the tensile strain of the concrete at first cracking, ɛ c , can be calculated by dividing f r by E c . For the second limit state, the strain at first yield of the tension reinforcement, ɛ y , can be determined by dividing the yield stress of the reinforcement ( f y ) by the modulus of the reinforcement (E s ). At the ultimate limit state, the concrete crushing strain (ɛ cu ) was taken as 20:003 (negative for compression), according to ACI 318 (ACI 2008). To find the moment capacity at the various sections of the specimen, the equivalent longitudinal reinforcements within the splice and end regions were calculated assuming that the bars develop strength linearly proportional to their code-specified development length for the bars being spliced. Fig. 2 shows elevation and section views of the longitudinal reinforcement (#11 bars) in the LSC specimens. The longitudinal bars consist of three spliced bars both on the top and the bottom of the section. The additional straight bars near the specimen ends were placed to enhance the strength away from the splice region.
AASHTO (2007) requires the development length for reinforcing steel in tension (L d in inches), in compression (L dc in inches), and for a hooked bar (L dh in inches) with a f y (in kilopounds per square inch) greater than or equal to 414 MPa (60 ksi) as follows (1 in. 5 2:5 cm, 1 ksi 5 6:9 MPa):
where A b 5 area of the steel bar (in: 2 ); and d b 5 diameter of the steel bar (in.) (1 in.
2 5 6:52 cm 2 , 1 in. 5 2:5 cm). These development length calculations were used in conjunction with the reinforcement layout to find the effective steel area at each section in the splice and end regions. The effective area of each bar was found by assuming that the effective area is zero at the bar end and increases linearly up to the development length of the bar (either in tension, compression, or at a hooked end), where it then has full contribution (A b ). Given the effective steel area at each section, the moment capacities were calculated at each section and appropriately reduced by the self-weight moment based on the test setup used. Fig. 4 compares the calculated ultimate moment capacity for each section of the LSC specimens along with the demand moments from the applied actuator loadings in the four-point test setup. Fig. 4 shows that the critical sections of the specimens are at the ends of the splice region under the actuators. For all other sections, the section capacities exceed the loading demands. Therefore, inelastic behavior would only be expected at the ends of the splice region with no significant damage elsewhere in the specimens. This result was (2007)], which is typical in the TXDOT design practice for the bar size being used.
Force-Displacement Calculations
With a methodology for determining section moment-curvature capabilities throughout the specimen length, specimen forcedisplacement calculations are determined for the two test setup configurations. Fig. 1 shows that the demand moment in the four-point test setup is constant along the entire splice length, and thus creates a constant tension force in the splice. Eq. (4) gives the actuator load when the full moment capacity (M total cap ) at any limit state is reached at the critical section under the actuator, F act,4pt , taking into account the self-weight moment at that location (M SW, 4pt ) and the distance between the support and actuator (L supp )
Four-Point Test Setup
Next, the specimen deformations at first cracking, first yield, and ultimate limit states are discussed. The elastic deflection of the specimen at any point between the actuator loads [D 4pt ðxÞ] in the four-point test setup can be found from classic structural analysis as
where x 5 distance between the end support and the point of deflection; and I 5 second moment of area of the section and depends on the limit state being considered. This deflection equation is used to calculate the elastic deformations. Inelastic deformations can also occur when the specimen yields and these deformations can be added to the elastic deformations to find the total deformations. Fig. 2 shows the specimen cross-sectional dimensions and depths of each steel layer needed for the second moment of area calculation. By neglecting the contribution from the reinforcing steel, the gross second moment of area (I g ) can be found directly from the specimen dimensions. Similarly, the transformed second moment of area (I gt ) can be found by considering the longitudinal reinforcement by traditional mechanics principles. After first cracking of the concrete, the second moment of area at a critical section neglects the concrete area in tension, which reduces the neutral axis depth, c. Therefore, the cracked second moment of area, I cr , is calculated about c for the cracked section, which is found from bending theory.
For loading beyond yielding of the reinforcing steel, plastic deformations must be considered in determining the ultimate deflections for the specimens. For these plastic deformations, the plastic hinge rotation (u p ) of critical sections is calculated as follows:
where the curvatures at ultimate and first yielding limit states, f u and f y , are calculated using bending theory as shown in Fig. 3 . The plastic hinge length, l h , is calculated following Mattock (1967) as follows:
where z 5 distance between the maximum moment and zero moment [L supp 5 2:3 m ð7:5 ftÞ].
Assuming that the entirety of plastic deformations occurs at the critical splice ends within the specimens (as justified in Fig. 4) , the plastic deformations can be calculated from the plastic hinge rotations and the geometry of the test setup as illustrated in Fig. 5 . Therefore, the total deflection at the ultimate limit, D 4pt,u , is the sum of the elastic deflection up to first yield of the steel, D 4pt,y , and the plastic deflection (u p L supp ):
To calculate a complete moment versus deformation response at the critical section, various methods for computing the second moment of area beyond cracking were reviewed. For prestressed concrete sections, the Precast/Prestressed Concrete Institute (PCI 2004) design handbook, with further explanation by Naaman (2004) , recommends the use of I g for the deflections up to the cracking moment and the cracked second moment of area, I cr , for deformations beyond cracking. Fig. 6 illustrates that the total deflection (D1 1 D2) is found by adding the deflection at cracking (D1) to the deflection after cracking (D2). The deflection at cracking (D1) is calculated with the load at cracking (L1) and I g. The deflection after cracking (D2) is calculated with the difference between the loads at cracking and beyond cracking (L2) and I cr .
This bilinear method for equivalent section stiffness (EI) up to first yielding can be supplemented with the plastic analysis for the deflection at ultimate as presented previously. In this research, this method is called the trilinear method because of the three slopes. Given these effective stiffnesses, the deflections at the critical sections under the actuators can be found from simple mechanics principles [for additional details, see Bracci et al. (2012) ].
For finding beam deflections beyond cracking of the concrete, ACI 318 (ACI 2008) proposes an effective second moment of area, I e , between I g and I cr that is suitable for Class C (cracked) and Class T (transition) members as follows:
where M cr 5 cracking moment; and M a 5 critical section bending moment at the step the deflection is computed. At and prior to first cracking I g can be used for the deflection calculations. Therefore, the deflection at cracking using the I e method from ACI 318 is the same as the trilinear method previously described. However, after cracking, the specimen deflection according to ACI can be calculated by substituting I e for I in Eq. (5). By accounting for the plastic rotations in the critical sections beyond first yielding, the plastic deformations can be calculated with Eq. (8).
Further calculations show that beams with no axial force have a constant neutral axis depth immediately after first cracking up to first yielding of the tension reinforcement. In the case of no axial force, the trilinear and I e methods provide similar deflection approximations. However, in bending members with axial force, the neutral axis, c, changes between first cracking of the concrete and first yielding of the reinforcement. Therefore, I cr also changes from first cracking to first yielding. To account for this varying stiffness, the step-by-step I cr method is proposed, where I cr is calculated at three intermediate points between first cracking and first yielding with three different c values. At each step i, c is calculated using the bending theory with the axial loading, as presented previously. Although more steps can be used, only three were necessary in this example. The deflections are then calculated at each step using Eq. (10), where F act,4pt,i and I cr,i are the load and second moment of area calculated at step i. For the calculation of D cr,y,1 , F act,4pt,cr must be used for F act,4pt,i21 because the force at cracking is the preceding force (for additional details, see Bracci et al. 2012) 
The deflection at yielding is calculated using Eq. (11), where the preceding force from the last intermediate step (F act,4pt,n ) is subtracted from the applied force when the steel first yields (F act,4pt,y ), and I cr,y is the cracked second moment of area at yielding using the neutral axial as defined in Fig. 3(b) D 4pt,y,step-by-step
The deflection at ultimate for the step-by-step I cr method is again found using Eq. (8), which accounts for the plastic behavior in the hinge regions at the splice ends. Fig. 7 shows the force versus deflection response at the critical splice end region for a specimen with constant axial loading in the four-point test configuration using the three methods described. Because the I e method from ACI 318 can be used to find equivalent second moment of areas beyond first cracking and up to yielding of the reinforcing steel, three intermediate calculations between first cracking and yield were computed similarly to the step-by-step I cr method and were then joined linearly. In the step-by-step I cr method, the deflection at each intermediate and yield point depends on the force and deflection at the prior step. Therefore, the deflection at yield changes when the number of intermediate steps changes. However, with the I e method, the deflection at yield is the same regardless of the number of intermediate steps. Fig. 7 shows that the proposed step-by-step I cr method results in a stiffer response beyond first cracking of the concrete.
Three-Point Test Setup
In a similar manner as presented for the four-point test setup, Fig. 8 compares the ultimate moment capacity of the LSC specimens to the moment demand from the three-point test setup. Fig. 8 shows that the section over the support (center of the splice region) is critical in flexure. The cracks formed from the four-point test were neglected in the analysis because they formed under the actuators at the splice ends. Following the methodology for the four-point test setup, Bracci et al. (2012) developed the deflection calculations for the three-point setup using the step-by-step I cr method. This method follows the same method outlined in the four-point setup and is not presented here because of space limitations.
Experimental Testing Program
Eight LSC specimens (1, 3, 5, 8, 9, 10, 15, and 16 ; numbered chronologically with their casting date) were tested with varying degrees of ASR (up to the middle-to-late stages) and minimal DEF, both identified independently by the TXDOT Materials Research Division in terms of presence and degree of expansion. The remaining specimens continue to be exposed and will be tested in future work. The control specimens, LSC15 and LSC16, were stored indoors and were not exposed to moisture, thus minimizing ASR and DEF reactions. Table 1 shows the dates of the specimen casting, initial environmental exposure, and structural load testing, and the estimated degree of deterioration from ASR and DEF. The estimated degree of ASR and DEF deterioration was established using the internal and external strain measurements and petrographic analyses described in the companion paper (Eck Olave et al. 2014) . Table 2 shows the last average transverse surface strains and the maximum crack width measured on each face before the LSC specimens were tested. Of the specimens exhibiting ASR, LSC9 and LSC10 had the least amount of surface expansion and resulting surface cracking on all sides prior to testing. A moderate amount of surface expansion and cracking occurred in LSC 1 and LSC3. Specimens LSC5 and LSC8 had the most expansion and surface cracking prior to structural testing of all specimens tested to date.
Experimental Response and Analytical Comparisons
Four-Point Test Fig. 9 shows the experimentally measured force versus deformation response from all specimens tested to date in the four-point test setup. For clarity, the measured force data at each step were obtained by averaging the two actuator forces and the measured deformation response was obtained by string pot measurements attached to the specimen under the loading point and the rigid laboratory strong floor. In addition, the specimen loading was stopped a few times during the tests to document the cracking and assess the condition of the specimen, which resulted in a slight drop in load. In comparing these average responses, all specimens had about the same initial stiffness until first cracking. However, between first cracking and first yielding of the reinforcing steel, the deteriorated specimens were about 25-35% stiffer and had a slight (5-15%) increase in yield strength compared with the two control specimens. In addition, it was evident by comparing the response of the specimens and from visual observations of the specimen that no significant bond deterioration of the splice region occurred. Fig. 10 compares the individual actuator force-deformation data from the LSC15 and LSC16 experiments with the three analytical models described previously. Fig. 10 shows that the analytical stepby-step I cr method best correlated with the experimental test behavior up to the yield point. The four-point structural load tests were not meant to find the ultimate deformation behavior, and were not done so experimentally. Therefore, beyond the yield point, the results from all analytical models did not fit the postyield stiffness of the experimental data well because confinement of the concrete and strain hardening of the reinforcement were intentionally not accounted for in the model.
The initial analytical models used the concrete design strength of 34.5 MPa (5 ksi) for f c 9. The concrete compression strength measured from the cylinders that were stored with the LSC specimens at the exposure site and tested at the time of the specimen's structural load test was used in the analytical model to compare it with the experimental results. Specifically, the data from the cylinder tests [ASTM C39 (ASTM 2014)] for Specimens LSC1, LSC3, LSC5, LSC8, LSC9, and LSC10 were averaged to obtain an estimate of f c 9 equal to 36.5 MPa (5.3 ksi)-this value was used for all noncontrol LSC specimens. The two control specimens, LSC15 and LSC16, had lower f c 9 values from the cylinders tested at the time of the load testing with an average of 27.0 MPa (3.9 ksi). Also, it was assumed that the ASTM Grade 60 (M420) [ASTM A615 (ASTM 2014)] steel had a higher actual yield strength; therefore, f y of 483 MPa (70 ksi) was used for the analytical model.
Because the specimens had an axial load from the posttensioning strands of 2,582 kN (580.5 kips), the analytical model used this value for computing the analytical response for the control specimens. However, for the deteriorated specimens the axial loading by the TXDOT Materials Research Division using petrography analysis of concrete cores taken from specimens after structural testing, and also from the surface and internal expansion measurements and cracking throughout the specimen prior to testing. presumably increased because the specimens expanded longitudinally as a result of the ASR effects and further engaged the posttensioning strands and column longitudinal reinforcement. Although there were measured data from surface-mounted instrumentation and some internal instrumentation that showed axial expansion (Eck Olave et al. 2014) , the overall column expansion that led to additional axial loading was not identified in the experimental program. Therefore, in the analytical model for the noncontrol specimens, an increased axial force on the specimen was determined by best fit of the analytical response to the measured experimental structural response. For field structures, identifying changes in column axial loading as a result of ASR effects will knowingly be difficult to quantify; however, they could conservatively be ignored for strength calculations. Because the step-by-step method best matched the test data for the control specimens, it was the only method used for the deteriorated specimens. Fig. 11 compares the step-by-step I cr analytical model using various values of the column axial loading, F act , and the concrete compression strength, f c 9, to the test results from LSC Specimens 1, 3, 5, 8, 9 , and 10 (all have middle-to-late stage ASR with no or early stage DEF). Fig. 11 shows that the change in concrete compression strength did not significantly influence the analytical model behavior. However, the increase in the column axial loading (from 2,582 to 3,336 kN) significantly affected the postcracking stiffness and the yield strength of the analytical response to provide a good match with the experimental data.
Three-Point Test
Although the same tension face was used in the three-and four-point test setups, the resulting damage from the four-point test that primarily developed at the splice ends had minimal impact on the performance of the specimen in the three-point setup because the critical section for flexure was at the center of the splice length region at the support reaction for the three-point test setup. Fig. 12 compares the average actuator load versus deflection response at the loading point from all tested specimens during the three-point test.
Higher actuator loads were achieved during this test compared with the previous four-point load test as a result of the different demands from the test setups and because these specimens were loaded to near failure and no further testing was planned. In Fig. 12 it can be seen that LSC8 had the smallest measured load during the three-point test-this is likely a result of severe cracking that resulted from testing. This test was terminated because of safety concerns. Similar to the four-point test, there were several instances during the testing when the loading was stopped to inspect the cracks, which resulted in a slight drop in load. Fig. 12 shows that the noncontrol specimens affected by ASR had about 5-15% higher yield strengths and were about 25-35% stiffer (similar to the four-point test) from postcracking until yield than the control specimens (LSC15 and LSC16) for the same reasons as explained for the four-point test.
Conclusions and Future Work
The experimental program consisted of the design, construction, curing, exposure, testing, and assessment of 16 LSC specimens with a lap-splice region typical of the TXDOT practice for the bar size being used, which is conservative by code standards. This paper presents results on the testing of eight of these specimens. Two control specimens exhibited no ASR/DEF deterioration and three groups of two specimens exhibited varying levels of ASR deterioration up to the middle-to-late stages and minimal DEF in terms of the presence and degree of expansion. All eight specimens were structurally load tested in both the four-and three-point load test setups. Eight additional specimens are still at the exposure site under accelerated exposure conditions with the hope of developing more severe damage from DEF, and will be structurally load tested at a later date. The key findings from the test program are the following:
• The structural behavior of the specimens with varying degrees of ASR up to the middle-to-late stages showed no discernible evidence of bond deterioration of the splice region.
• In comparison with the response of the control specimens, the specimens exhibiting ASR had similar initial stiffness and behavior up to first cracking, an increase of about 25-35% in postcracking stiffness up to yielding, an increase of about 5-15% in yield strength, and showed no overall detrimental effects on the structural response. The increase in stiffness and strength can be explained by the resulting volumetric expansion of the concrete as a result of the ASR that engaged the transverse reinforcement for better confinement of the core concrete and engaged the supplemental posttensioning reinforcement and the column longitudinal reinforcement to generate additional axial compression load.
• The step-by-step analytical modeling approach for the specimens replicated the experimentally measured force-deformation behavior. For the noncontrol specimens, the analytical model better fit the experimental behavior when the level of axial loading was increased to account for the additional compression load previously mentioned.
• The vulnerability of the column splice with increased levels of DEF deterioration could not be evaluated to date. Despite the research team's best efforts to accelerate deterioration resulting from DEF, more time and possibly different exposure conditions are needed to allow the remaining eight specimens to further deteriorate. The experimental testing of these specimens will be reported subsequently.
Although the results indicate that middle-to-late stage ASR did not significantly influence the performance of the lap splice in the specimens tested, care should be taken when applying these results to other applications. The lap-splice length in the specimens tested was overdesigned per TXDOT standards for the bar size being used and less conservative designs may exhibit different behavior. In addition, because the ASR process was accelerated and testing was performed at relatively early ages in the research, longer-term deterioration may result in different specimen performance.
